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論文内容要約 
1. Introduction 
The continuous occurrence of disasters has leaded to an increased public awareness of the impact from these 
catastrophic events. In this context, advance methodologies to assess damage in case of disasters are needed to mitigate 
as well as respond to its impacts. Focusing on the structural damage to urban areas, a high-performance numerical 
simulation of the natural hazard provides a deep understanding of the natural phenomena before it happens and the 
extent of damage that it may cause. In addition, employing new techniques developed using past event information, it is 
possible to elaborate, in the pre-event phase of disasters, advanced methodologies to estimate structural damage than can 
be used to mitigate the impact of disasters. However, after the occurrence of a disaster, the response phase requires rapid 
and efficient methodologies to extract the entire damaged areas and quantify the total structural damage. Spaceborne 
technologies based on satellite imagery and remote-sensing technologies can provide reliable information of the damage 
situation on the impacted areas.  
 
2. Methodologies developed in this thesis. 
We have developed two novel methodologies to assess building damage focusing on the pre- and post-phases of natural 
disasters, 1) building damage estimation using numerical simulation and fragility function in the pre-disaster phase 
(mitigation), which was developed using the 2011 Tohoku Tsunami as the damage scenario, and 2) building damage 
extraction using spaceborne images for the post-disaster phase (response), which was developed using the 2013 Super 
Typhoon Haiyan as the damage scenario.  
 
2.1 Building damage estimation using numerical simulation and fragility function (Mitigation) 
Background and Objective 
Tragic events such as the 2004 Indian Ocean tsunami, or the 2011 Tohoku Tsunami demonstrated that tsunamis are 
destructive natural phenomena that produce considerable damage to coastal infrastructures on the impacted areas. 
Accordingly, the evaluation of building damages from tsunami impact can be used as a starting point for an effective 
tsunami risk-reduction program [1]. Assessing the structural damage in vulnerable coastal areas may improve the 
implementation of measures against tsunamis and promote tsunami hazard planning [2]. However, detail evaluation of 
tsunami-induced damage considering the effects of hydrostatic forces and hydrodynamic pressures during the tsunami 
inundation require specific information of building's structural and design characteristics [3], which in most of the cases 
are unknown. To address this issue, several authors have studied the fragility of existing buildings by constructing 
empirical fragility functions that present the relationship of damage probability in terms of inundation features such as 
flow depth and current velocity [4]. In this part of the thesis, the first objective is to analyze extreme tsunami flow depths. 
The second objective is to develop a new methodology for estimating washed-away buildings using empirical fragility 
function and numerical simulation.  
Summary of the proposed methodology 
We proposed a new methodology for estimating building damage (washed-away structures) using tsunami fragility 
function and tsunami numerical simulation. The proposed methodology considers a simultaneous building destruction 
during the tsunami inundation by incorporating several factors of urban settings such as spatial location, and construction 
material. The methodology was developed in Onagawa town where extreme inundation depth was observed during the 
2011 Tohoku Tsunami. First, we analyze the extreme tsunami inundation flow depths that were observed in the target 
area. Tsunami numerical simulations were conducted to reproduce the observed time series of tsunami flow depths and 
inundation depth distribution in Onagawa. Two different topographic models were used to represent the land cover 
resistant to the tsunami penetration, digital elevation model (DEM) and equivalent roughness model (ERM). Second, we 
develop a statistical model to estimate washed-away buildings using tsunami fragility function by considering a 
simultaneous probability of building destruction. 
Main conclusions 
Tsunami simulations were performed of the extreme tsunami inundation due to the 2011 Tohoku Tsunami. The result 
showed that both topographic models show similar performance to reproduce the maximum measured inundation 
depths and interpreted flow depth values from survivor’s video. These results indicate that modeling the land resistant as 
constant solid blocks on top of the topography data performs same as using an equivalent roughness model, in the case 
of the extreme inundation in Onagawa town. This finding indicates that the buildings structures did not significantly 
reduced the tsunami penetration energy, which explains the extreme tsunami inundation at Onagawa town as well as the 
complete building destruction.. Finally, we performed the building damage estimation using the proposed model. The 
comparison between the estimated washed-away buildings and the damage data provided by the Ministry of Land, 
Infrastructure, Transport and Tourism (MLIT) showed an overall accuracy of approximately 89%. In addition, the 
results show that the first tsunami wave destroyed most of the building in Onagawa town. Furthermore, based on the 
estimated time of destruction, most of the buildings were washed-away about 50 minutes after the earthquake (15:30 
JST). This fact indicated that the first tsunami wave caused the most damage to Onagawa town. The second tsunami 
wave also destroyed several buildings on the northern sector of Onagawa town. 
 
2.2 Building damage extraction from spaceborne imagery (Response) 
Background and Objective 
Methodologies for damage mapping that combine high-resolution remote sensing images and GIS building data can 
provide detail information of the damage situation in the affected areas. After a disaster, in the response stage, to rapidly 
and efficiently deploy relief activities, it is important to grasp the extent of the damaged areas, Free moderate resolution 
optical satellite imagery such as the Landsat program from the U.S Geological Service are often suitable dataset to 
conduct an early monitoring [5]. Furthermore, Synthetic Aperture Radar (SAR) sensor can capture, regardless weather 
and daylight conditions, high-resolution remote sensing imagery with detail surface information for a single urban 
structure [6]. In this part of the thesis, the first objective is to develop a methodology to extract damaged areas, in an early 
stage, using moderate-resolution optical images. The second objective is to develop a new methodology to extract 
destroyed buildings using high-resolution SAR intensity images. In this section, we introduce building damage functions 
that express a building damage proportion in term of the changes on the radar footprint of buildings between pre- and 
post-event SAR intensity images. 
Summary of the proposed methodology 
In this section, a practical methodology using visible near-infrared (VNIR) imagery from the Advanced Space-borne 
Thermal Emission and Reflection Radiometer (ASTER) sensor was introduced to capture the damaged areas in 
Tacloban city (The Philippines) and surroundings after the 2013 Super Typhoon Haiyan. First, we extract the flooded 
area due to the storm surge inundation using the Normalized Difference Water Index (NDWI), which is a simple and 
reliable index for identifying the existence of water bodies. Second, using the flooded area extracted in the previous part, 
we introduce a methodology to extract destroyed building using high-resolution SAR intensity images from the 
COSMO-SkyMed sensor. Considering that the characteristics of a damaged building after a disaster correlate to the 
changes in the backscattering signal of its footprint radar signature that relates the layover area in the radar images, we 
estimate the layover area from the pre-event SAR scene where buildings are assumed to be intact. The extracted layover 
area is used as a mask to conduct a pixel-based change analysis employing the correlation coefficient between the pre- 
and post-event SAR images. To classify and extract destroyed building data, we constructed a new damage function to 
evaluate the building damage ratio in terms of the changes on the radar footprint signature of buildings (layover area), 
which is characterized by the correlation coefficient.  
Main conclusions 
The NDWI analysis effectively detected water bodies in urban areas and mapped the storm surge flood. For a rapid 
mapping, the threshold value for flooded area extraction can be fixed as 5%, which provided a good performance in 
detecting water bodies using ASTER VNIR images. On the other hand, the damage classification using 65% of building 
damage ratio as a threshold led to overall accuracies of 75%. Further analysis showed that the proposed methodology 
gave a higher accuracy the overall accuracy was above the 80%, for detecting damage to buildings greater than 50 m2 in 
size. Finally, the proposed damage mapping method provides reliable information that can be used in emergency 
response situations following a disaster, provided that the image resolution is sufficient to represent the building footprint 
size. Furthermore, the damage function developed in the present study characterized the damage after the typhoon that 
hit Tacloban city. Therefore, they might not be applicable as universal measures of typhoons and is expected to serve as 
a tool for damage estimation of future events in their corresponding target areas. 
 
3. Research Originality 
This thesis presents two main originalities. First, the methodology for estimating tsunami-induced building damage, for 
the mitigation stage in the pre-disaster phase, introduces a novel technique to calculate the number of buildings being 
simultaneously destroyed (washed-away buildings) during the tsunami penetration. This method uses tsunami fragility 
functions and numerical simulation results. Second, the methodology for extracting destroyed buildings, for the response 
stage in the post-disaster phase, introduces building damage functions developed based on the change detection analysis 
of building radar signature between pre- and post-event SAR intensity images. The change detection analysis of this 
method is based on the estimation of the layover area of a single building from the pre-event SAR image.  
 
4. Summary 
In chapter 3, a detailed numerical simulation of the extreme inundation depth observed in Onagawa town during 2011 
Tohoku Tsunami was conducted. The simulation showed that a DEM and ERM topographic model of Onagawa had the 
same performance to tsunami inundation features, such as maximum tsunami inundation depth, and temporal variation 
of the tsunami flow depth. In addition, the proposed model based on the simultaneous probability of building destruction 
showed an overall accuracy of approximately 89% for estimating washed-away buildings in Onagawa town. In chapter 
4, a methodology to extract destroyed buildings using pre- and post-event SAR intensity images was introduced, which 
was tested after the 2013 Haiyan Typhoon, and using a dataset imagery from the COSMO-SkyMed sensor. This 
methodology consists on a change detection analysis within the building footprint signature detected on SAR images 
(radar signature of building footprints). Moreover, a new function of building damage ratio was developed for mapping 
destroyed buildings in the target area. The proposed methodology successfully detected with an overall accuracy of 82% 
destroyed building with footprint size greater than 50 m2. 
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